I. Introduction
Jet-stabilized flames provide a promising alternative to swirl-stabilized flames in gas turbine combustion and are currently examined with regard to the application in stationary gas turbines.
1, 2 They have been shown to operate reliably with low (single digit) pollutant emissions at a wide operational range of gas turbine relevant conditions.
3 Furthermore, they qualify for an operation with a large variety of both gaseous and liquid fuels.
1, 4-6
Jet-stabilized flames are used in FLOX ® gas turbine combustors, 1, 2, 7 which consist of nozzles circularly arranged on the burner base plate. These nozzles feed partially premixed air and fuel into the combustion chamber at high velocity (e.g. 100 m/s). An example can be seen in figure 1 on the left hand side, showing a FLOX ® combustor used in high pressure combustion tests. The emerging high momentum jets form a reversed flow region in the center of said circle, which feeds hot combustion products back to the jet roots. This recirculation zone is crucial for flame stabilization, since the velocities in the vicinity of the high momentum jets are typically much higher than turbulent flame speed. Furthermore, the entrainment and intense mixing of combustion products into the incoming fresh gas reduce pollutant formation by avoiding local peak temperatures. In order to gain insight into these questions, a model combustor was designed, which exhibits a section of a full FLOX ® combustor. This design is shown in figure 1 . The model burner features a single off-centered nozzle, which is placed into a rectangular optically accessible combustion chamber. This setup is referred to as a confined jet flame and is used for lab-scale (atmospheric) tests. The off-centered arrangement allows for the formation of the characteristic recirculation zone on one side of the nozzle.
One particular question of interest for the present work is the influence of the jet exit velocity on the flames in FLOX ® combustors. It was found in full burner system tests at high pressure, that a FLOX ® burner is very load flexible, i.e. it can be operated at a wide range of air and fuel mass flows (meaning a wide a It is emphasized that the term "FLOX" is only used as a description of the gas turbine burner type, i.e. "FLOX combustor", describing a circular arrangement of confined high momentum jet flames. In contrast, the term "FLOX combustion" should be avoided in this context, since the combustion regime is typically not flameless or MILD at gas turbine relevant conditions. 2, 7, 9-11 range of jet exit velocities) without a qualitative change of flame position and appearance in the combustion chamber. However, for low jet velocities (still much higher than flame speed) the FLOX ® burner became unstable and finally the flame blew off, while no blow off was experienced at high jet velocities.
12 This behavior is somewhat counter-intuitive for a premixed turbulent flame and is therefore examined further in the present lab-scale experiment of a single confined jet flame.
II. Experimental Setup
A schematic drawing of the model combustor can be seen in figure 2. The combustion chamber has a cross-section of 50 mm × 40 mm and a length of 600 mm. The combustion chamber exit is an open rectangle without any exhaust gas nozzle, and the burner is operated in a lab setup at atmospheric conditions. All four sides of the combustion chamber consist of quarz glass plates of length 200 mm, which are held together by a water cooled metal frame. The burner base plate is made of a ceramic material and the protruding jet nozzle is a tapered stainless steel pipe. The origin for the used coordinate system is placed at the center of the burner base plate. x denotes the horizontal direction, y the vertical (axial) direction, and z the lateral direction in which the setup is symmetric. The circular nozzle has a diameter of 10 mm and is off-centered by 10 mm in x direction. The nozzle lip protrudes into the combustion chamber by 20 mm, providing a better access for optical diagnostics at the jet root.
The complete experimental setup is shown schematically in figure 3 . The combustion air is preheated and then mixed with the fuel. For the present work, pure methane (CH 4 ) was used as fuel. A thermocouple monitors the temperature of the preheated gas mixture roughly 100 mm upstream of the nozzle exit and feedback controls the air heater. For this work, the set temperature at the thermocouple position was always 473 K. Different heating units had to be used for the variety of mass flows, and the order of heating and mixing was switched for smaller mass flows (this situation is depicted in figure 3 ). To cover the wide range of investigated jet velocities (v jet = 1−300 m/s) and air excess ratios (λ = 1.0−1.6), a variety of massflow controllers had to be used for air and methane.
For a basic characterization and blow-off investigations, a mounted digital single-lens reflex (DSLR) camera was used to take photos of the flames. For a more detailed investigation of selected flames, a high speed camera (LaVision HighSpeedStar 6) together with a high speed image intensifier (LaVision HighSpeed IRO) and an optical bandpass filter (310 ± 20 nm) was used to record the OH* chemiluminescence (CL) signal at a frame rate of 10 kHz. The line-of-sight of this camera system was in z direction, imaging the x − y plane with the eccentric nozzle position. Note that the OH*-CL signal is line-of-sight integrated, so the spatial information in z is lost. To overcome this issue, a second high speed camera/intensifier/filter system was used perpendicular to the first one, imaging the y − z plane. This camera system was used simultaneously to the first one, so that the position of flame kernels could be tracked in all three dimensions (this second camera is not shown in figure 3 , it was placed at the beam dump position).
For the Particle Image Velocimetry (PIV) measurements, a small amount of air (about 5 % of the total air flow) was fed through a fluidized bed seeder that seeded the flow with TiO 2 particles. This seeding air was mixed into the main air at the same position as the fuel. The TiO 2 particles have a diameter of about 1 µm, corresponding to a Stokes number of much less than unity, and thus follow the fluid streamlines with sufficient accuracy.
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The seeded flow inside the combustion chamber was illuminated by a high speed twin head diode-pumped Nd:YAG laser (EdgeWave InnoSlab IS200-2-LD), which was used at repetition rates of up to 5 kHz. The laser beam was formed into a sheet with a set of cylindrical lenses, resulting in a sheet of 120 mm height with a thickness of < 1 mm. The laser sheet was adjusted to match the symmetry plane of the combustor at z = 0 mm. The double pulse separation time was adjusted corresponding to the maximum expected flow velocities and was in the range of 20 − 800 µs. Two high speed cameras (LaVision HighSpeedStar 8), equipped with an optical bandpass filter (532 ± 5 nm), were used in double frame mode to record the PIV images. The cameras were inclined at an angle of 30°in order to perform stereoscopic PIV, resulting in all three velocity components. For the results presented in this work, PIV was only performed in the non-reacting flow, although the setup allows for the simultaneous application of PIV and OH*-CL in the reacting flow field.
At least 10 000 double images were recorded for each operation point. The PIV images were processed with a commercial software (LaVision DaVis 8.3) on a single shot basis, and statistically analyzed in MatLab.
III. Results

A. Characterization
The model burner was lit at a typical operation point of v jet = 90 m/s and λ = 1.4. While this v jet is close to a full burner system application value, the λ for the model burner typically has to be lower than the real application value to achieve a stable flame, because of the surface to volume ratio and the significant heat loss in the optical combustion chamber. The preheat temperature was chosen as 473 K (which is also lower than in a full gas turbine system) in order to slow down chemical reactions with the expectation of a better ability to measure and resolve the processes of flame stabilization. The flame for this operation point is lifted from the nozzle exit by several centimeters and the flame appears widely distributed within the combustion chamber.
In a second step, the jet exit velocity v jet was varied while keeping λ and T constant. The velocity variation over more than two orders of magnitude required a frequent change of the experimental setup (mass flow controllers and preheating unit), so it was done in a staggered way. Photos of the resulting flames for this variation can be seen in figure 4 in the top row. All shown operation points were kept steady for at least 2 min, before taking any measurements. For λ = 1.4 the velocity could be lowered down to 50 m/s without any major changes to the flame. Below 50 m/s, the flame became unstable (flickering) and finally blew off. This is marked as BO (blow-off) in figure 4. On the other hand, no limitations regarding the flame stability could be found with increasing jet velocity. The flame seemed even more stable the higher the velocity was (less flickering). In fact, v jet was ramped up to more than 300 m/s with a stable flame, when the maximum of the lab's air supply was reached.
Subsequently, the velocity variation was carried out for different values of λ up to stoichiometry. The resulting flames can be seen in figure 4. Grey boxes depict operation points were the flame was stable but no measurement and photo have been taken. For all values of λ, the behavior towards higher velocities did not change and the flame became more stable while increasing v jet . The stability towards lower velocities was increased with decreasing λ and the burner could be operated stationary at v jet = 20 m/s and 10 m/s for λ = 1.2 and 1.0, respectively. However, there was always a minimum velocity at which the flame blew off and the flame never became attached to the nozzle. Furthermore, the flame lift-off height is remarkably constant (approx. 50 − 70 mm) for all these cases and the flame length only changes within a factor of 2 (100 − 200 mm). It is therefore concluded that the flame stabilization mechanism is the same for all these operation conditions and the operational envelope depicted in figure 4 for the confined jet flame is referred to as the "high velocity regime".
After this regime was defined, the jet velocity was decreased even more. It was found that a flame could be stabilized again for v jet < 4 m/s, depending on the air excess ratio λ. The associated photos of this so called "low velocity regime" are shown in figure 5 .
Obviously the flames in this regime look fundamentally different and show a classical Bunsen-like flame: The flame shape is conical, the flames are attached to the nozzle rim and are more compact than in the high velocity regime. Even a distinct flame front can be seen in the photos.
...
... Furthermore, the influence of v jet on the flames is opposed, and shows a more intuitive behavior: The flame now becomes unstable and blows off when the velocity is increased (e.g. beyond 2 m/s at λ = 1.2). For a decrease of v jet below 1 m/s, flashback into the nozzle occurred. The flashback limits have not been examined in detail, since they are not the focus of this work. As in the high velocity regime, a λ closer to stoichiometry allows for a larger variation of v jet , in this case towards higher values. This effect is most likely due to higher flame speeds close to stoichiometry, which is visualized by a smaller flame front angle towards the nozzle exit plane (compare the two cases at v jet = 2 m/s). This operational regime is referred to as the low velocity regime for the confined jet flame.
From the visual impression, it seems that the confined jet flame is independent from the recirculation zone for the low velocity regime, while it crucially depends on it for the high velocity regime. To prove this statement, the confinement (i.e. the combustion chamber) was removed, turning the setup into a free jet flame. No recirculation occurs in this case, since the jet can entrain fluid from the surrounding environment. The flames in the unconfined low velocity regime behave and look nearly identical to the low velocity regime of the confined jet. Pictures are therefore omitted here. The operational range is minimally extended, so that a flame could now be stabilized up to v jet = 5 m/s for λ = 1.0.
In the high velocity regime, no flame could be stabilized without confinement. The flames could be ignited, but blew off immediately as soon as the ignition source was gone. This supports the assumption that the flame is fully dependent on the recirculation of hot exhaust gas in this regime.
B. Blow-Off Investigation
In a next step, the blow-off (BO) limits have been examined in more detail: First, the mentioned velocity variation was carried out at a constant λ, but slower and with finer steps towards the stability limits. The exact value of v jet where BO occurred was noted. Second, for a constant v jet , the air excess ratio λ was increased in the same slow stepwise way, until BO occurred. Both ways led to almost the same results and match the qualitative course seen in figures 4 and 5. The BO results are summarized and plotted versus a logarithmic scale of v jet in figure 6 .
Red and blue squares depict the measured BOs, while the red and blue lines show least-squares fits linear to log(v jet ). Grey symbols show results from a previous investigation, 8 where the focus was not on the operational range. The figure shows both the high velocity and the low velocity regimes and summarizes the aforementioned trends. Although both regimes approach each other for λ = 1.0, a small gap persists, where no flame could be stabilized and which could not be bridged. Figure 6 is the main result of this work and shows fundamental differences to previously reported and well know stabilization diagrams for conventional burners. Wohl et al.
14 reported a complete stabilization map of the unconfined Bunsen flame in 1949, which is reprinted by Law 15 in his figure 8.6.10. Their plot qualitatively matches the course of the low velocity regime in figure 6. They found a second regime of a lifted flame for very rich mixtures, which represents a lifted non-premixed turbulent jet flame. However, their regimes are connected and show the same trend of blowout towards higher velocities, with a slightly changed slope of the blowout line.
Amongst many others, Lefebvre and Ballal reported stabilization maps of gas turbine application swirl combustors, 16 which show a loop of lean blowout towards higher λ, a rich extinction towards very low λ (since gas turbine combustors are always confined) and a blowoff limit towards higher air mass flows, respectively flow velocities.
Keeping these known stabilization maps in mind, it is quite surprising to find a flame regime with a low velocity blowout limit (typically flashback is the low velocity limit) and an increasing stability with increasing flow velocities. Full burner system test indicate that this is a general stabilization phenomenon of FLOX ® combustors (e.g. figure 5 in Seliger et al., 17 although they do not mention the effect explicitly). An attempt of explanation of this phenomenon is made in section IV.
In the following, the corresponding Reynolds numbers (Re) are taken into account. They are calculated based on the nozzle diameter (D = 10 mm), the kinematic viscosity (ν = 3.52·10 −5 m 2 /s) and the jet velocity v jet :
The value for the kinematic viscosity was calculated for an atmospheric air/methane mixture with λ = 1.2 and T = 473 K. It changes only in the third significant digit (3.51 − 3.53 · 10 −5 m 2 /s) for the whole range of investigated λs, which is neglected here.
These values lead to Re = 2841 for v jet = 10 m/s for example, which can be scaled proportionally for other values of v jet . This means Re is in the order of 10 2 for the low velocity regime corresponding to a laminar inflow, and in the order of 10 4 for the high velocity regime corresponding to a turbulent inflow. Note that the terms laminar and turbulent only hold for the inflow conditions here. Most of the flow inside the combustion chamber is turbulent for all investigated cases, since a laminar jet at Re ≈ O(10 2 ) will always become turbulent after a certain axial distance from the nozzle exit.
The
b for laminar-turbulent transition in a pipe flow. 21 This means, a flame can be stabilized at a laminar and a turbulent inflow (low velcity and high velocity regime), but not at the transitional regime in between.
C. Flow Field
To gain insight into the changes of the overall flow field for the different regimes, particle image velocimetry (PIV) has been performed for a similar variation of v jet . PIV measurements were done for a non-reacting air flow only, with the methane being replaced by additional air to reach the desired value of v jet . It is known from former studies, that the non-reacting flow field is altered only slightly by the heat addition of the flame in these kinds of combustors, 8, 22 and therefore holds as a good approximation. Figure 7 shows the average flow velocity fields for a variation of v jet , calculated from 10 000 instantaneous flow fields for each operation point. The velocity magnitude for each image is normalized by v jet , to make them comparable in one color map. The flow fields of the high velocity regime (10 − 40 m/s) show the typical features known from FLOX ® combustors and confined jet flames: A decaying high-momentum jet and a prominent recirculation zone, which transports hot exhaust gas back to the jet root in the reacting flow field. The jet is bent towards the recirculation zone. Right at the nozzle exit, the maximum flow velocities exceed the bulk flow velocity only by 10 − 20 % (orange color), which is an indication of a fully turbulent velocity profile exiting from the nozzle. The three flow fields in this regime are almost identical to each other and to previously reported flow fields at v jet = 150 m/s, which can be found in figure 6 of the work by Lammel et al. 8 The only visible change is the axial position of the recirculation vortex center, which slightly decreases with decreasing v jet .
In the transitional regime at v jet = 5 m/s, most of the average flow field shows the same characteristics as for the high velocity regime. The recirculation zone is still prominent, with the vortex center now being a little closer to the nozzle exit. The most significant change can be found in the velocity profile at the nozzle exit: The maximum velocity exceeds the bulk flow velocity by more than 50 % (red color), which is a strong indication of a laminar parabolic velocity profile. The Reynolds number for this case is Re = 1420, so a laminar flow profile at the nozzle exit is expected. The difference from a turbulent to a laminar velocity profile should also manifest itself in a much steeper velocity gradient at the jet boundary for the turbulent b The value Recr ≈ 2300, which is most found in literature today, can be traced back to measurements by J. Rotta around 1950. Latest experiments and direct numerical simulations suggest an updated value of Recr ≈ 2040 ± 10, 18-20 which matches the observed gap in figure 6 just as well.
case. The PIV resolution is too coarse to resolve this difference, however it could be the reason for the reduced stability of the flame in this region, since a parabolic inflow profile diminishes shear and mixing drastically. However, the laminar jet obviously transitions to turbulence only a few centimeters from the nozzle exit, and from there on the flow field looks like in the high velocity case.
In the low velocity regime (1−2 m/s) in figure 7, the flow field changes completely: Although recirculation is still present, the relative velocity magnitudes of the back flow are smaller than in the high velocity regime. Furthermore, the extent of the recirculation zone (indicated by the vortex center) is much larger and seems to increase even further towards lower velocities. Together with the fact that the absolute velocities are much smaller in this region per se, this means that turnover times for the recirculating fluid are much higher for the low velocity regime. Since a permanent heat loss is present in the reacting flow field and therefore the temperature of the exhaust gas decreases while recirculating, this could be an explanation why flame stabilization based on recirculation brakes down for low velocities. This effect is already present within the high velocity regime, since the extent of the recirculation zone does not scale with v jet . Moreover, it is likely that exhaust gas from a higher flame temperature (lower λ) can sustain a larger heat loss (slower turnover time) while still being able to stabilize a flame once entrained into the jet. This would explain the slope of the BO-line for the high velocity regime in figure 6 .
The most striking difference in the low velocity regime is the penetration depth of the jet into the combustion chamber, which is much larger than for the turbulent jet in cases 5 − 40 m/s. This is caused by the laminar jet flow, which does not spread, has a much weaker entrainment of surrounding fluid and therefore hardly decays. The whole penetration depth is not covered by the field of view for those low velocity cases. Within the field of view, the jet does not bend towards the recirculation zone.
Since in the low velocity regime the absolute velocities are in the order of flame speeds for premixed methane-air flames, the flame can be stabilized by flame propagation, with no necessity for recirculating exhaust gas.
To get an impression of the unsteady nature of the flow field, figure 8 The scale of the most prominent vortices (representing the integral length scale) does not change very much from 5 m/s to 40 m/s, which is not surprising since an increase in Re mostly affects the smaller (Kolmogorov) scales of a turbulent flow, while the integral length scale is determined mostly by the geometry. If at all, the integral scale seems to decrease a little towards higher velocities. Taking into account the absolute velocities, this means that at a significantly lower velocity for v jet = 5 m/s together with a constant (or slightly increased) length scale of the vortices, the turnover time for these vortices (i.e. the characteristic time scale) increases drastically. This could again be a reason for the decreased flame stability in this case, since time-dependent heat loss and the loss of radicals through their relaxation towards equilibration inhibit the ignition of incoming premixed jet fluid, while the velocities are still higher than flame speed.
To display these impressions of the instantaneous fluctuations in a more statistical way, figure 9 shows the standard deviation of the 10 000 single shot measurements of the flow field. The standard deviation is a measure for velocity fluctuations v , which are mostly due to turbulent motion and to some extent to intermittent flow states in the case of jet flapping. Like the velocity magnitudes, the standard deviation is normalized by the nominal jet exit velocity in each plot. For the low velocity regime at 1 m/s and 2 m/s, the fluctuations are fairly low, as expected from a laminar flow. For the high velocity regime, the strongest fluctations can be seen in the jet shear layers, which emerge from the nozzle rim, grow with downstream distance and finally merge once the jet is fully developed. The low fluctuation cone within the jet depicts the potential core region, which grows with increasing jet exit velocity. While the shear layers look very similar to each other in the cases 10 − 40 m/s, the shape and magnitude of the fluctuations is obviously different for the "no flame" regime at the case 5 m/s. Here, the relative fluctuation intensity is almost twice as high as for the other turbulent cases and the shear layers merge very close to the nozzle exit. A potential core is not visible at all. These strong fluctuations are most likely due to intermittent laminar-turbulent motion of the transitional jet in this case. This intermittent behavior could be another reason why a flame cannot be stabilized by recirculation in this case, since the crucial integral scale vortices are not permanently present.
D. Flame Structure with OH* Chemiluminescence
In order to understand flame stabilization in the unsteady turbulent flow of the high velocity regime, kHz OH*-chemiluminescence (CL) measurements have been performed at selected cases in this regime, revealing the flame position, shape, and its temporal development. Shown here will be the case with v jet = 20 m/s and λ = 1.0, since its relatively low velocities provide a good temporal resolution for the kHz diagnostics while not being too close to the blow off limit. The measurements have been performed from two sides simultaneously, resulting in an x − y view (termed front view) and an z − y view (termed side view). Figure 10 shows the average OH*-CL image for the selected case, together with two exemplary instantaneous measurements, each shown in both views. The average flame shape in the front view looks very similar to the luminosity photo in figure 4 , which supports the statement that luminosity photos are an adequate way for a coarse characterization of flame position and shape in this type of combustor. While the flame is clearly asymmetric in the front view, it is nearly symmetric in the side view. According to these images, the lift-off height is approximately 60 − 70 mm (note that the nozzle rim is at y = 20 mm). The flame looks smooth and distributed over a large volume.
This impression is different for the instantaneous images: The flame looks wrinkled, disrupted and highly turbulent. As for the flow field, the average image is not an appropriate choice to grasp the real characteristics of the flame structure. In both snapshots, most of the reaction happens at the downstream end of the field of view, while a flame root with lower intensity reaches upstream much closer to the nozzle exit. The flame is highly unsteady, with its position, extent and connectivity changing drastically over the whole measurement series (not shown here). Separated flame kernels and holes in the flame can be seen in snapshot 1. The flame edge appears to be sharper at the jet side than towards the recirculation side, where the flame dissipates into equilibrium. Furthermore, the flame structure is highly three-dimensional: In the sideview of snapshot 2, it can be seen that the flame root actually consists of two branches, one on the left and one on the right side of the jet. The branch on the right side (positive z) encompasses the jet and reaches into the center. This shows the difficulty for planar laser measurements in this flame (see section IV), since a planar measurement at the symmetry plane would interpret this branch as an isolated flame kernel.
The flame kernel upstream of the flame root in snapshot 1 could either be an event of autoignition or a remainder of a broken flame front. The classification into these oppositional processes is only possible if the temporal development is taken into account, which is the reason why the OH*-CL recording was done at a frame rate of 10 kHz. In the whole measurement series, both autoignition and local flame extinction events can be found to a similar extent.
To get an impression of these dynamics at the flame root, the lift-off height was identified for each single shot image and tracked over time. The lift-off height was defined as the lowest pixel location (y-value) where the chemiluminenscence signal exceeds 4 % of the global maximum. The threshold 4 % corresponds to the onset of dark blue in the previous plots and was chosen as the lowest possible value which did not exhibit artifacts due to background radiation or intensifier noise. A representative section of the course of the lift-off height is shown in figure 11 . Note that this height is the distance from the burner base plate and not from the nozzle exit. The lift-off height is obviously highly fluctuating even within this short section of 40 ms and varies between y = 56 mm and y = 97 mm. While most of the time the lift-off height is slowly rising (over several ms), it sometimes decreases within a very short period < 0.1 ms. These jumps depict events of emerging ignition kernels. Such a behavior has been reported in literature on auto-ignition in the past and is usually referred to as the characteristic "saw-tooth" profile. 23, 24 It is a robust indication of consecutive auto-ignition events. In the shown profile, also jumps of increasing lift-off height can be seen (at t = 289, 311, 318 ms). These jumps on the other hand represent local flame extinction, either of a nascent ignition kernel or a disrupted portion of the flame.
An example of the temporal evolution of an autoignition event is shown as a sequence of OH*-CL images in figure 12 . At ∆t = 1 ms a small autoignition kernel appears, where no flame was present before. This is displayed by the white arrow in figure 12 . The flame kernel is convected downstream and expands up to 5 ms. At ∆t = 6 ms, the kernel is engulfed by the main flame and the situation is similar to the first frame again.
Note that for the sake of space, no sideviews are shown for this sequence here, although the observed flame kernel does show certain three-dimensional effects: The kernel actually originates at the side of the jet (at (x, z) ≈ (10, 10)) and wanders around the jet as it moves downstream. At ∆t = 4 ms, it has reached the symmetry plane and then spreads in z-direction, before it finally connects to the major part of the flame. A Fourier analysis has been performed on the OH*-CL series to check if these autoignition events occur at a certain regularity. A prevailing frequency of 38 Hz was found in the region below the flame root. However, this frequency maximum is only slightly higher than the subsequent frequencies and the corresponding spectrum is rather broad, so a mostly random nature of this process is concluded.
E. Classification into Premixed Turbulent Combustion Regimes
To complete the picture of the different flame stabilization regimes, it is necessary to take a look at the characteristic chemical kinetic parameters, like laminar flame speeds. Calculations have been performed using the software Chemical Workbench 4.1 with embedded Cantera flame reactors. The used reaction mechanism was the GRI3.0 mechanism.
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The chemical kinetic calculations are independent of v jet , therefore the only varied parameter is the air excess ratio λ. Table 1 shows the results for laminar flame speed S L and laminar flame thickness l F for the three inflow conditions λ = 1.0, 1.2, 1.4. The laminar flame thickness was determined by the maximum temperature gradient criterion. As expected, laminar flame speed becomes slower for leaner mixtures, while the flame thickness increases slightly. Table 1 . Laminar flame speed S L and flame thickness l F for the three used air excess ratios λ and constant preheat temperature T = 473 K.
For the low-speed regime with v jet < 5 m/s, these theoretical quantities are directly linked to the flame stabilization via laminar flame propagation and could be estimated from the conical flame shapes in figure 5 . The roughly determined flame angles from those photos match the calculated laminar flame speeds well, although the burner was not optimized for a homogeneous laminar bulk flow.
For the high-speed regime with v jet > 8 m/s the results in table 1 can be used as characteristic quantities, but do not have a direct physical meaning in combustion for several reasons: First, the flow in these cases is clearly turbulent, and therefore turbulent flame speeds would need to be considered. Second, the incoming jet is mixed with a certain amount of hot exhaust gas before it reaches the lifted flame, and therefore the thermochemical conditions of the unburned reactants differ from the pure inflow and are unknown. Third, as it was shown in the previous section, autoignition plays a significant role in this regime which makes flame speeds and thicknesses obsolete.
Nevertheless, laminar flame speed and laminar flame thickness are widely used as chemical reference quantities in premixed turbulent combustion research. They can be found in the definition of Damköhler numbers, Karlowitz numbers and the Borghi diagram, and will be used for the same purpose here.
In order to classify the investigated flames into the Borghi diagram, it is necessary to relate the characteristic chemical quantities to the characteristic turbulent flow quantities, i.e. fluctuation velocity v and integral turbulent length scale l T . While v is already shown in figure 9 , the integral length scale had to be calculated in a seperate manner: Following Pope 26 (equations (6.41) and (6.47)), the longitudinal length scale L 11 was chosen for l T and calculated for each location in the flow field by averaging the spatial twopoint correlation of v y in y-direction over time and integrating the resulting correlation function up to the first zero crossing.
The results of this calculation show quite constant values of l T for the measured cases of v jet = 1−40 m/s, which matches the know fact that the integral (large) length scales of turbulence are mainly dependent on geometry and almost independent of Re (while the smaller Kolmogorov scales decrease with increasing Re). The fluctuations v on the other hand scale almost linearly with v jet , as shown by the constant ratio of v /v jet in figure 9. The result of the pointwise evaluation of v /S L and l T /l F for each measured jet velocity is plotted in the Borghi diagram in figure 13 . For each v jet both ratios are scattered over almost an order of magnitude. However, the general trends are clearly visible and the data results in two separated regimes:
The stably burning cases v jet = 1 − 2 m/s fall into the laminar flame region Re T < 1, as expected, since v is close to zero here. The increasing integral length scales for the slowest case v jet = 1 m/s move this data cloud close to the limit of Re T = 1. However, the definition of a turbulent length scale becomes questionable for this very laminar case (correlating zero to zero) and the increasing values of l T are probably erroneous due to the finite spatial resolution of the PIV technique.
The turbulent cases v jet ≥ 5 m/s show similar values of l T /l F as the laminar cases, while v /S L is much higher. These data points are all located in the premixed turbulent flames regime but span multiple regions of Ka (and Da), namely the wrinkled flamelets, the corrugated flamelets and the thin reaction zones regimes. The high velocity cases of v jet > 100 m/s probably even fall into the broken reaction zones regime of Ka R > 1. Note that different regimes of turbulent premixed combustion in the Borghi diagram do not necessarily refer to different regimes of flame stabilization. As the results from the previous sections suggest, flame stabilization in the high velocity regime is always based on autoignition at the flame root, while the structure of the following downstream flame propagation can then depend on the respective Borghi diagram regime.
Furthermore, no conclusion can be drawn from the Borghi diagram about the flame stabilization gap around v jet ≈ 5 m/s, due to the same reason that the Borghi diagram provides no information about flame stabilization.
IV. Conclusions and Outlook
Premixed methane/air flames have been investigated in an eccentric confined jet setup. The investigated confined jet flame can be stabilized in two different regimes: At a laminar and a turbulent inflow, but not in the transitional regime in between. Flame photos, PIV results and OH*-CL images indicate a fundamentally different mechanism of flame stabilization for both regimes. While the flame is stabilized through flame propagation in the laminar low velocity regime on the one hand, recirculating hot exhaust gas stabilizes the flame in the turbulent high velocity regime on the other. The latter mechanism is most likely based on permanent autoignition, since autoignition events are visible in the present data. The stabilization based on autoignition can also be the reason of the extraordinary course of the stabilization map for the high velocity regime.
The extent of the recirculation zone as well as integral turbulent length scales are almost identical for all high velocity regime cases, while the absolute velocities and fluctuation velocities scale nearly proportionally with the jet velocity. This leads to an inversely proportional relation between time scales and jet velocity, which means larger residence times of hot exhaust gas for lower jet velocities. Larger residence times mean a higher heat loss in the recirculation zone and a progressive recombination of radicals in the exhaust gas, both resulting in a less reactive mixture at the jet root. This could be an explanation for the reduced stability of this high velocity regime towards lower velocities. The gap between the two flame stabilization regimes would then correspond to the region where the flow velocities are higher than flame propagation, but too slow to recirculate the reactive exhaust fast enough to sustain autoignition.
This idea has to be confirmed in future experiments: Subsequent laser diagnostic measurements (simultaneous kHz PIV, OH-PLIF, OH*-CL) and numerical simulations (LES) will be conducted to clarify the role of autoignition and heat loss in the recirculation zone in the high velocity regime. The highly unsteady and three-dimensional nature of the flame in this regime makes these measurements and simulations challenging. The operation point at v jet = 20 m/s and λ = 1.0 has been chosen for these future investigations, since it provides relatively low velocities (resolvable by kHz diagnostics) and Reynolds numbers (making LES possible), while still being part of the high velocity stabilization regime not too close to the blowoff limit.
